Insulin-like growth factor-binding protein-3 (IGFBP-3
Insulin-like growth factors (IGFs) 1 are potent mitogens that act through specific membrane receptors to promote cell proliferation and differentiation. They exhibit a broad range of effects on embryonic and fetal growth, development, and metabolism (1) and have been implicated in many diseases including cancer and other disorders such as neurodegeneration and osteoporosis (2) (3) (4) . Their cellular effects are tightly controlled by a group of structurally related IGF-binding proteins (IGFBPs). Because IGFBPs have higher affinities for IGFs (K D ϭ ϳ10 Ϫ10 M) than does the type I IGF receptor (K D ϭ ϳ10 Ϫ8 -10 Ϫ9 M), it is believed that IGFBPs achieve their regulation of IGFs through high affinity binding (5) . Of the six known IGFBPs, IGFBP-3 and IGFBP-5 have the ability to form ternary complexes with IGFs and a 85-kDa glycoprotein, the acid-labile subunit (ALS) (6 -8) . The stable IGF ternary complexes prolong the half-life of circulating IGFs and act as a reservoir for the delivery of IGFs to the target tissues (9, 10) . Apart from its role as a modulator of IGF actions, IGFBP-3 has also been found to possess other cellular functions independently of IGFs (11, 12) , proposed to be mediated through an IGFBP-3 receptor (13, 14) . Based on sequence homology, all IGFBPs can be conceptually divided into three discrete domains: N-terminal, C-terminal, and central. There is a high degree of conservation in the Nand C-terminal domains, which are thought to be involved in IGF binding (11) . The central domains, on the other hand, are unique in sequence among the six IGFBPs and are believed to serve as a hinge between the N-and C-terminal domains. Because most of the known posttranslational modifications (glycosylation, phosphorylation, and proteolysis) occur within the central domain, it is speculated that these modifications may participate in other diverse functions of IGFBPs (5) .
Although the solution structures of both IGF-I and -II have been solved (15, 16) , the full structures of IGFBPs have not been reported, thus hindering the understanding of the molecular interactions between IGFs and IGFBPs. In 1998, Kalus et al. (17) published a landmark paper on the solution structure of an IGFBP-5 N-terminal fragment, termed mini-IGFBP-5 (Ala 40 -Ile 92 ), obtained by using NMR spectroscopy. It was revealed that mini-IGFBP-5 has a compact and globular threedimensional structure that is uniquely folded. A single high affinity binding site for IGF-II was identified in mini-IGFBP-5 that comprises residues Val 49 expose their side chain into solution to form a hydrophobic patch on the surface of the mini-IGFBP-5. Because Leu 73 and Leu 74 of IGFBP-5 are conserved in IGFBP-3, it was predicted that these residues in IGFBP-3 would be among the common determinants for IGF binding. Several subsequent mutagenesis studies on the N termini of IGFBP-3 and -5 have provided evidence to support the existence of the putative N-terminal binding site (18 -20) . Mutations of some of the implicated residues in the N termini led to greatly reduced IGF binding, supporting the existence of a major IGF-binding site in the N-terminal regions of IGFBPs.
In contrast to the N-terminal region, the role of the C-terminal region of IGFBPs in IGF binding is less well defined. Bramani et al. (21) previously reported that mutations at conserved residues Gly 203 and Gln 209 in the C-terminal region of rat IGFBP-5 decreased its binding to IGF-I. To further investigate the IGF binding function of these two residues, they combined mutations in both N-and C-termini and demonstrated a cumulative loss in the ability of the mutant to bind IGF-I (22) . However, this study is inconsistent with previous reports that a total abolition of IGF binding could be demonstrated when mutations were made solely to the N terminus of IGFBP-3 (19) or IGFBP-5 (18) , suggesting that the minimal IGF-binding site does not involve C-terminal residues. The involvement of C-terminal residues in the high affinity IGF-binding site of IGFBP-3 was recently reported by our laboratory. We showed that although discrete N-terminal (residues 1-88) and C-terminal (residues 185-264) fragments of IGFBP-3 bind IGFs separately, together they show cooperativity in the presence of IGFs to form high affinity binding complexes (23) .
To define the high affinity IGF-binding sites in IGFBP-3 and to clarify the role and relative contribution of N-and C-termini in IGF binding, we used site-directed mutagenesis to generate a set of IGFBP-3 proteins with mutations made to either the N terminus or the C terminus or both. Characterization of these IGFBP-3 mutants by various biochemical and functional assays has demonstrated the importance of both N-and C-terminal residues in regulating IGF binary and ternary complex formation and IGF receptor activation.
EXPERIMENTAL PROCEDURES
Materials-Recombinant human IGF-I was a gift from Genentech, Inc. (South San Francisco, CA). Recombinant human IGF-II was purchased from GroPep Pty. Ltd. (Adelaide, Australia). Human ALS was purified from serum as described previously (6, 24) . Anti-hIGFBP-3 antiserum (R-100) is a rabbit polyclonal antibody raised in-house against the full-length human IGFBP-3. Heparin Hi-Trap columns were purchased from Amersham Biosciences. QuikChange site-directed mutagenesis kits were obtained from Stratagene (La Jolla, CA). Mutagenic primers were synthesized by Invitrogen Australia Pty. Ltd. (Mulgrave, Australia). 911 retinoblastoma cells and the adenoviral expression system have been described previously (25, 26) . The type I IGF receptor (IGFRI)-overexpressing cells, NIH-3T3-IGFRI, were a generous gift from Dr. Colin Ward (Commonwealth Scientific and Industrial Research Organisation Health Sciences and Nutrition (CSIRO), Parkville, Australia). IGF-I columns were made by covalently linking recombinant human IGF-I to Affi-Gel 10 activated agarose (Bio-Rad). Anti-phosphotyrosine monoclonal antibody (PY20) was purchased from BD Bioscience (Palo Alto, CA). Anti-IGFRI ␤ subunit polyclonal antibody (C-20) was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Silver staining kits were obtained from Bio-Rad. The HPLC column (5 m, C18, 300 Å) was purchased from Phenomenex (Torrence, CA). All of the radiolabeled proteins used were prepared as described previously (27) .
Cell Culture-E1-transformed 911 human embryonic retinoblast cells (28) were grown in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal calf serum and 20 mM glutamine. NIH-3T3-IGFRI cells were maintained in the above medium plus 500 g/ml geneticin. All cell lines were incubated at 37°C with 5% CO 2 .
Construction of Plasmids Expressing hIGFBP-3 Mutants-Mutations were introduced into hIGFBP-3 using a QuikChange site-directed mutagenesis kit (Stratagene) according to manufacturer's protocol. Briefly, complementary primers containing the desired mutations were annealed to both strands of an adenoviral shuttle plasmid harboring full-length wild-type IGFBP-3 (pAdTrack-CMV-IGFBP-3) and extended using Pfu Turbo DNA polymerase to generate a mutated plasmid. (26) . High titer adenoviruses for wild-type and mutant hIGFBP-3 were generally obtained following three or four rounds of amplification. Wild-type and mutant IGFBP-3 were produced as secreted proteins in serum-free Dulbecco's modified Eagle's medium supplemented with 1 g/liter bovine serum albumin, 20 mM glutamine, and a mixture of protease inhibitors (500 units/ml aprotinin, 5 g/ml ␣ 2 -macroglobulin, and 0.5 g/ml leupeptin) from 450-cm 2 flasks of confluent 911 cells infected with high titer adenoviruses. Conditioned media were collected 48 h after infection, and proteins in the media were purified by either IGF-I affinity or heparin affinity chromatography (for mutants with very low IGF binding). Proteins bound to IGF-I affinity columns were eluted with 1 M acetic acid with unadjusted pH, whereas proteins bound to heparin affinity columns were eluted by a stepwise NaCl gradient as described by Firth et al. (29) . Further purification was achieved by reverse-phase HPLC as previously described (30) . The proteins were quantitated by IGFBP-3 radioimmunoassay (RIA) using hIGFBP-3 antibody as described by Baxter and Martin (27) . Purity of the proteins was assessed by silver staining after SDS-PAGE.
IGF Ligand Blotting and IGFBP-3 Immunoblotting-Briefly, 40 ng of purified wild-type or mutant protein was separated by 12% SDSpolyacrylamide gel under nondenaturing conditions and transferred onto Hybond-C Extra nitrocellulose (Amersham Biosciences) by electroblotting using a Multiphor II Novablot unit (Amersham Biosciences). After transfer, the blot was blocked for 2-3 h in Tris-buffered saline with 0.05% (v/v) Nonidet P-40 containing 1 g/liter bovine serum albumin and incubated overnight at 4°C with either 6 cpm/25 ml) in the same buffer. The blot was then washed three times with Tris-buffered saline with 0.05% (v/v) Nonidet P-40 and dried before exposure to Hyperfilm MP film (Amersham Biosciences). For sample loading control, immunoblotting with hIGF-BP-3 antibody (R-100) was performed on the same membrane. In brief, the ligand blot was probed with anti-hIGFBP-3 antiserum at a final concentration of 1:10,000 in the above blocking buffer for 2 h at 22°C. After washing, the blot was incubated with horseradish peroxidaseconjugated anti-rabbit secondary antibody (Amersham Biosciences) at a final concentration of 1:100,000 and subjected to ECL detection using SuperSignal West Pico chemiluminescent substrate (Pierce).
IGF Solution Binding Assay-Varying amounts (0 -100 ng) of wildtype and mutant recombinant human IGFBP-3 were incubated with 10,000 cpm of either 125 I-IGF-I or 125 I-IGF-II in 50 mM phosphate buffer (pH 6.5) with 2.5 g/liter bovine serum albumin in 300 l of reaction volume for 2 h at 22°C to allow IGF⅐IGFBP-3 complex formation. To precipitate the binary complexes, the reaction was incubated for 1 h with 0.5 l of hIGFBP-3 antibody followed by precipitation with 2.5 l of goat anti-rabbit immunoglobulin in the presence of a 40 g/liter final concentration of polyethylene glycol. Apparent IGF binding activity for each mutant was derived from individual binding curves as the amount of protein required to achieve half-maximum binding.
Ternary Complex Formation Assay/ALS Binding Assay-ALS binding for wild-type or mutant forms of IGFBP-3 was measured as described previously (6) . Briefly, varying amounts (0 -50 ng) of IGFBP-3 were incubated with 10,000 cpm of 125 I-ALS in 50 mM phosphate buffer (pH 6.5) with 2.5 g/liter bovine serum albumin in 300 l reaction volume in the absence or presence of 50 ng of IGF-I (in excess of hIGFBP-3). Complexes were allowed to form for 2 h at 22°C and separated from unbound tracer by immunoprecipitation with hIGFBP-3 antibody as described above.
BIAcore Analysis-Wild-type IGFBP-3 or mutant forms of hIGFBP-3 were coupled to activated CM5 surfaces using standard amine coupling conditions (31, 32) . Briefly, IGFBPs were coupled to activated surfaces (2 g of IGFBP/210 l in 10 mM sodium acetate, pH 4.5) at 5 l/min. Unreacted groups were inactivated with 35 l of 1 M ethanolamine HCl, pH 8.5. A sensor surface with 600 response units of coupled hIGFBP-3 would routinely result in a response of ϳ100 response units with 100 nM IGF-I. Kinetic studies with a range of 6.25, 12.5, 25, 50, and 100 nM IGF-I or IGF-II were determined at a flow rate of 40 l/min running buffer: 10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA), thereby minimizing mass transfer effects. Association proceeded for 300 s followed by 900 s for dissociation. IGFBP biosensor surfaces were regenerated with 10 mM HCl. For each binding curve, the response obtained using control surfaces (no protein coupled) was subtracted. Dissociation constants were derived using BIAevaluation 3.2 software and a 1:1 Langmuir binding model. This model describes a simple reversible interaction of two molecules in a 1:1 complex. Whereas two-site binding models have been used to describe the interaction between IGFs and IGFBP-3, this was not an appropriate model for analyzing the N-and C-terminal domain mutants. In addition, the low affinity binding component of the IGF-I/IGFBP-3 interaction only makes up ϳ10% of the total binding (33) . All binding experiments were repeated at least twice, and biosensor chips coupled at different times yielded surfaces with comparable binding affinities. Experiments in the opposite orientation using IGFs coupled to the chip were not conducted because of nonspecific binding of IGFBP-3 to sensor surfaces (including CM5 and SA surfaces).
IGF-I-induced IGFRI Autophosphorylation-The method was adapted from Devi et al. (34) . Confluent NIH-3T3-IGFRI cells in 12-well plates were serum-starved for 24 h. Immediately prior to the experiment, the cells were washed with serum-free medium before being exposed for 5 min to either 2.5 ng/ml IGF-I or 10 ng/ml IGF-II that had been preincubated with or without either wild-type or mutant IGFBP-3 in molar ratios of 1:1, 1:5, and 1:10 (IGF:IGFBP-3) for 2 h at 22°C. The reaction was quenched by the addition of 200 l of cell solubilization buffer (1% Nonidet P-40, 20 mM Tris-HCl, pH 7.4, 10 mM EDTA, 137 mM NaCl, 100 units/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 2 mM Na 3 VO 4 ). To detect IGFRI tyrosine phosphorylation, 10 l of cell lysate was separated by 8% SDS-PAGE under reducing conditions and immunoblotted with anti-phophotyrosine monoclonal antibody PY20 at a 1:1,000 dilution overnight at 4°C. Phosphoproteins were visualized by ECL detection after incubating blots with horseradish peroxidase-conjugated anti-mouse secondary antibody at a 1:2,000 dilution. The same blot was then stripped with "RESTORE" stripping buffer (Pierce) and probed with IGFRI ␤ subunit antibody C-20 for total ␤ subunit protein. The level of IGFRI tyrosine phosphorylation was quantified by densitometry, and the results were normalized to total ␤ subunit protein.
RESULTS

Construction and Characterization of hIGFBP-3 Mutants
That Have Reduced Affinities for IGFs-N-terminal residues targeted for mutagenesis were chosen based on the NMR study of mini-IGFBP-5 (residues 40 -92) by Kalus et al. (17 (19) . The C-terminal residues targeted for mutagenesis were chosen based on the study by Bramani et al. (21) in which Gly 203 and Gln 209 in rat IGFBP-5 were shown to be involved in IGF-I binding. The two neutral residues are strictly conserved among all six IGFBPs, and they correspond to Gly 217 and Gln 223 in IGFBP-3. To test the hypothesis that both the Nand C-terminal regions of IGFBPs are involved in IGF binding, we generated variant proteins with mutations in either N-or C-terminal regions or combined mutations at both N-and Cterminal regions of IGFBP-3. The N-terminal mutants are denoted as Q ( (Fig. 1) . The sequences of the oligonucleotides used to generate the specific mutations are provided under "Experimental Procedures."
Recombinant wild-type and mutant forms of hIGFBP-3 were expressed in 911 cells as secreted proteins. Initial IGF solution binding assays were performed on crude infection media to assess IGF binding of the secreted protein to determine the type of affinity purification method used (Fig. 1) . Wild-type and mutant proteins with detectable IGF binding affinity were purified by IGF-I affinity chromatography. Heparin chromatography was performed for QSA and GGSA mutants that had undetectable IGF-I binding by solution binding assay. It was observed that on a stepwise salt gradient, complete elution of these two mutants from a heparin-agarose column occurred at 0.5 M NaCl (data not shown), compared with 0.75 M NaCl for wild-type IGFBP-3 as previously shown (29), suggesting the 
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mutants had reduced binding affinities for heparin. Further purification by reverse-phase HPLC showed that all of the mutant proteins eluted from the column at a similar retention time of 19 min (data not shown). Quantitation of the purified proteins by IGFBP-3 RIA showed that the recombinant wildtype and mutant proteins yielded displacement curves that were parallel to that of serum-derived IGFBP-3 (the standard in the RIA), suggesting that the epitope recognized by the hIGFBP-3 antibody was not significantly altered in the mutant proteins ( Fig. 2A) . Immunoblotting of the proteins with IGFBP-3-specific polyclonal antibody demonstrated that the recombinant IGFBP-3 analogs were similarly glycosylated because they appeared as doublet bands with apparent molecular masses of 42-45 kDa (Fig. 2B) .
Mutations in hIGFBP-3 Decrease or Abolish Its Binding to Both IGF-I and -II-Effects of mutations in hIGFBP-3 on IGF
binding were initially examined by IGF-I or IGF-II ligand blotting (Fig. 2, C and D) . Mutations at either the N or C terminus caused varying degree of reduction in both IGF-I and -II binding compared with wild-type IGFBP-3. Reduction in IGF binding was more evident in N-terminal than in C-terminal mutants. The N-terminal mutants, GG and QQ, showed greater reduction in binding to IGF-I (Fig. 2C) than to IGF-II (Fig. 2D) . Mutation of Leu 77 to Gln (mutant Q) showed selectively decreased binding for IGF-I but in contrast appeared to bind IGF-II normally. The C-terminal mutants, S and A, showed a minimal effect on IGF binding by ligand blotting, whereas the combined mutant SA showed a cumulative effect in decreasing both IGF-I and IGF-II binding. The binding of the N-terminal mutant, QQQ, and the combined mutants, QSA and GGSA, to both IGF-I and -II was undetectable by this technique.
Quantitative assessment of binding was obtained by solution IGF binding assays (Fig. 3) that in general confirmed the data obtained by ligand blotting. The apparent binding activity of each mutant, relative to IGFBP-3, for IGF-I and -II was derived from its binding curve as described under "Experimental Procedures" and summarized in Table I . Clearly, neither mutations on the N terminus nor the C terminus alone could completely abolish IGF-I (Fig. 3, A and B) or IGF-II (Fig. 3, D and E) binding. The Gln 77 (Q) mutant had ϳ3-fold reduction in binding activity to both IGF-I and -II (Table I) . Substituting Leu 80 -Leu 81 with glycine residues was more effective than glutamine residues in reducing IGF binding. Specifically, the GG mutant showed 5-and 10-fold decreases in IGF-I and -II binding, respectively, whereas the QQ mutant had less than 2-fold reduction in IGF-I binding and 4-fold reduction in IGF-II binding. Despite the minimal effect on IGF binding of the mutations in the Q and QQ analogs, the combination of these mutations in the QQQ analog resulted in Ͼ15-fold decrease in apparent binding activity. Mutations at an individual C-terminal residue (Gly 217 to Ser or Gln 223 to Ala) caused only 2-3-fold decrease in binding activity, but the double mutations (SA) resulted in 5-and 10-fold decrease in binding to IGF-I and -II, respectively. More remarkably, only the combined N-and C-terminal mutants, QSA and GGSA, showed undetectable binding to IGF-I (Fig. 3C) , with minimal binding to IGF-II detectable at high concentrations (Ͼ 50 ng/tube) of the IGFBP-3 analogs.
To obtain a kinetic evaluation of the IGF binding properties of the IGFBP-3 mutants, we conducted a biosensor analysis of binding kinetics of these proteins to IGF-I and -II (Fig. 4) . The BIAcore analysis provides details of association (on) and dissociation (off) rate kinetic constants, from which equilibrium constants (K D ) can be derived. The results from the BIAcore biosensor measurements of the IGFBP-3 mutants are, for the most part, supportive of the findings by IGF ligand blotting and solution binding assays. We conclude that mutations at the N terminus generally caused more profound reduction in binding affinities than mutations at the C terminus (Table II) . A slightly greater effect was seen in the A analog on IGF-I binding by BIAcore. A closer inspection of the BIAcore data revealed that the overall decreases in K D values observed for the N-terminal mutants were largely the result of the reduction in their K on values, whereas the decreases of K D values in Cterminal mutants mainly resulted from the increase in K off values (data not shown). Both BIAcore and solution binding assays showed that the two N-and C-terminal mutants, QSA and GGSA, did not bind IGF-I, but some residual binding to IGF-II could be detected. It is of note that binding to IGF-II could be detected for all analogs (Fig. 4 and Table II) .
Interestingly, by BIAcore analysis, glycine substitutions at Leu 80 -Leu 81 virtually abolished IGF-I binding (Fig. 4A) , compared with only 5-6-fold reduction in activity measured by IGF-I solution binding assay (Fig. 3A) . In contrast, substitution of these residues with glutamine only reduced binding by ϳ5-fold, indicating that the effect of mutation on IGF binding is dependent on the type of substitution made. The most notable difference between the two assays is that binding to IGF-I by the triple N-terminal mutant, QQQ, was undetectable by BIAcore analysis, whereas in the solution binding assay, binding to IGF-I was detected with only 25-fold decrease in apparent binding activity. One possible explanation for the differences between the assay measurements in the case of GG and QQQ could be that a change in local structure of the mutants could have affected coupling such that inactivation of the mutants occurred during coupling to the biosensor chip.
Ternary Complex Formation Is Reduced in Mutants with Decreased IGF Binding Affinity-In the circulation, the majority of IGFBP-3 exists in the form of ternary complexes with IGFs and ALS. These stable complexes effectively prolong the circulating half-life of the protein and inhibit their access to target tissues and thereby regulate IGF bioavailability. In this study, we measured the ability of the mutants to form ternary complexes with IGF-I and ALS (Fig. 5) . In the assay, IGF-I was added in 6-fold molar excess of the highest amount of IGFBP-3 used to facilitate binary complex formation between IGF-I and IGFBP-3. Among the N-terminal mutants, the Q and QQ analogs showed minimal effect on ALS binding, and once again, substitution of Leu 80 -Leu 81 with glycine residues (GG analog) had a greater effect than substituting with glutamine residues (QQ). Although the QQQ analog was 1 log order of magnitude lower in IGF-I binding than the GG analog (Fig. 3A) , these two analogs showed similar ALS binding ability when IGF-I is present in excess amounts (Fig. 5A) .
Although mutation of Gly 217 and Gln 223 individually resulted in similar decreases in IGF-I binding activity (Fig. 3B) , the loss of ALS binding was more pronounced in the S analog (Fig. 5B) . Surprisingly, the combination of these two mutations in the SA analog caused less disruption to ALS binding than the single mutation in the S analog.
Although both the QSA and GGSA analogs showed undetectable binding to IGF-I, as analyzed by ligand blotting (Fig. 2C) , solution binding assay (Fig. 3C) , and BIAcore analysis (Table  II) , they were able to bind ALS with activities that were only 1-2 log orders of magnitude lower than wild-type IGFBP-3 (Fig. 5C ). Unexpectedly, GGSA showed similar ALS binding in the absence of IGF-I, suggesting that the mutations may have caused a conformational change to the protein similar to that caused by IGF-I when bound to wild-type IGFBP-3 to facilitate ALS binding. This conformational change is not evident in the QSA analog, which could only bind ALS in the presence of IGF-I.
We have shown previously that wild-type IGFBP-3, at high concentrations (Ͼ20 ng/tube), can bind ALS weakly in the absence of IGF, thus indicating that the interaction between ALS and unoccupied IGFBP-3 is of very low affinity (29) . Indeed all of the analogs show some weak binding to ALS in the absence of IGF-I with the exception of the QQ and GGSA analogs, which showed moderate binding to ALS alone (Fig. 5) .
Decreased IGF Binding Affinity Leads to Loss of the Ability of Mutants to Inhibit IGFRI Signaling-IGFs elicit their cellular effects through interaction with the IGFRI, resulting in autophosphorylation of the receptor and the activation of intracellular signaling pathways. Because IGFBP-3 is able to bind IGFs and thereby prevents their access to the receptor, the affinity of the IGF-IGFBP-3 interaction should be reflected in the inhibition of receptor signaling. To investigate whether the loss of IGF binding affinity seen for the mutants was reflected in the loss of their ability to inhibit IGF-induced IGFRI signaling, we assessed the relative ability of the QQQ, SA, and GGSA analogs to inhibit tyrosine autophosphorylation of the receptor in the IGFRI-overexpressing 3T3 cells treated with either IGF-I at 2.5 ng/ml (Fig. 6A) or IGF-II at 10 ng/ml (Fig. 6B) . At 
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equimolar concentration to IGF-I, IGFBP-3 inhibited the IGF-I-induced autophosphorylation of IGFRI by 80% (Fig. 6A) . In contrast, the QQQ and SA analogs reduced IGFRI phosphorylation by 50 and 20%, respectively, whereas there was no inhibition by the GGSA analog when equimolar with IGF-I. IGF-BP-3 and QQQ were equipotent in their inhibition when present in 5-or 10-fold molar excess of IGF-I, but the SA analog remained relatively inactive, whereas the GGSA analog inhibited 40% of the phosphorylation when present in molar excess. IGF-II-induced phosphorylation of IGFRI was inhibited in a dosedependent manner by both IGFBP-3 and the SA analog (Fig. 6B) . In contrast, both QQQ and GGSA were relatively impotent in inhibiting IGF-II action. The IGFBP-3 analogs in the absence of IGF-I or IGF-II had no effect on IGFRI phosphorylation.
DISCUSSION
There is considerable evidence to suggest that the high affinity binding of IGFs by IGFBPs involves the interaction of both the N-and C-terminal IGFBP domains. IGFBP fragments generated by proteolysis in vivo or in vitro and recombinant peptides representing N-and C-terminal domains invariably have reduced IGF binding (23, 34 -36) , leading to the proposal that proteolysis is a mechanism for modulating IGF bioavailability (5). Additionally, deletion of C-terminal structure of IGFBP-2, -3, -4, and -5 (29, 37-39) significantly reduced their IGF binding affinity, suggesting that the C-terminal domain is required for high affinity binding. Although some IGFBP fragments containing only the C-terminal region are known to retain affinity for IGF-I and -II (34, 40 -44), Kalus et al. (17) reported that a C-terminal fragment of IGFBP-5 (residues 135-246) had no intrinsic binding affinity for either IGF-I or -II by BIAcore measurement, whereas an N-terminal domain fragment (residues 40 -92) retained measurable affinity for IGFs. We have recently reported that isolated N-terminal (residues 1-88) and C-terminal (residues 185-264) fragments of IGF-BP-3, which individually have greatly reduced IGF binding, together form complexes with IGF-I and -II with binding affinities comparable with the intact protein, demonstrating for the first time the cooperativity between the two regions in IGF binding (23) .
X-ray crystallography would be the preferred method for predicting IGF binding determinants within these regions, but to date no full-length IGFBP crystal structure has been reported. This may be due to IGFBP aggregation at relatively low concentration, making crystals difficult to obtain (45) . The crystal structure of the complex of IGF-I bound to "mini-IGF-BP-5" does provide an important insight into the molecular interaction between IGFBPs and IGFs (46) . The major advantage of mutagenesis over other techniques (e.g. isolated domain fragments) is that it may result in negligible disruption of the protein tertiary structure and so minimize the possibility that structural alterations could affect the functional properties of other regions within the protein (45) . Furthermore, site-directed mutagenesis can be performed in full-length proteins, eliminating concerns of protein misfolding commonly found in recombinant fragments. In these studies, however, only residues in the N-terminal region were considered, whereas the role of the C-terminal region was not investigated. Recently, Shand et al. (22) generated a rat IGFBP-5 variant combining the five mutations in the N terminus described by Imai et al. (18) and two residues in the C terminus (Gly 203 and Gln 209 ) in an attempt to examine the relative contribution of two regions. The two C-terminal residues are conserved among all six IGFBPs and had previously been shown by the same group to be involved in IGF-I binding (21) . By BIAcore measurements, a cumulative effect was seen for the combined N-and C-terminal mutations that led to a 126-fold reduction in IGF-I binding compared with 60-fold reduction by N-terminal mutations alone and 10-fold reduction by the double C-terminal mutations. By combining N-and C-terminal mutations in a whole protein, this study clearly suggests that both N and C termini in IGFBP-5 are involved in high affinity IGF-I binding.
Our study is the first to use site-directed mutagenesis to target residues on both N-and C-terminal regions of IGFBP-3 and to investigate the importance of these residues in binary and ternary complex formation and the regulation of IGF signaling. Analysis of the two N-and C-terminal mutants (QSA and GGSA) by both solution binding assay and BIAcore biosensor measurement showed undetectable binding to IGF-I, whereas mutations at either N-or C-terminal residues alone did not result in complete loss of affinity with the exception of the QQQ analog. The loss of IGF-I binding was particularly remarkable in the QSA mutant because neither the Q nor SA mutant alone had more than 5-fold reduction in activity. This finding also implies that both the N and C termini of IGFBP-3 are critical in IGF-I binding, and the high affinity IGF-I binding can only be achieved through cooperativity between the two regions. Additionally, our BIAcore data agrees with the previous IGFBP-5 study by Shand et al. (22) that showed that the N-terminal mutations generally lead to a slower K on rate, and the C-terminal mutants tend to have a faster K off rate relative to wild-type protein. Notably, none of the mutations resulted in a complete loss of affinity for IGF-II as measured by BIAcore, but mutations to the N terminus caused greater reduction in binding affinity than C-terminal mutations. This suggests that the N-terminal region plays a larger role in the association with the IGFs, whereas the C-terminal region is more involved in stabilization of the IGF-IGFBP complexes as previously implied for IGFBP-2 (32) .
In addition to their reduced IGF binding affinities, the two N-and C-terminal mutants (QSA and GGSA) also showed reduced heparin binding, evident by their elution profile in the heparin affinity purification. Because the putative heparin binding motif resides in residues 219 -226 in the C terminus of IGFBP-3 and the two variants had mutation at Gln 223 , it is likely that the mutation altered the heparin motif and led to reduced heparin binding. Moreover, mutation at Gly 217 in these mutants might also contribute to the reduced heparin binding based on our previous finding that heparin binding was affected when residues adjacent to the C-terminal putative heparin binding motif were mutated (29) . However, Shand et al. (22) The results from the ALS binding assay were consistent with our previous observation that the IGF-IGFBP-3 binary complex is required for high affinity ALS binding (24) . Reduced ternary complex formation seen for the mutants is a consequence of their reduced ability to form binary complex. Notably, this assay does not exactly reflect IGF binding affinity because IGF-I is added in excess to facilitate binary complex formation; therefore, only mutants with extremely low IGF binding affinity show a decrease in ternary complex formation. Interestingly, we observed that the GGSA mutant differed from other mutants in that it had considerable binding to ALS in the absence of IGF-I. A possible explanation is that the multiple mutations might have caused a degree of conformational change in the protein resulting in the exposure of ALS binding determinants similar to those exposed when IGFBP-3 is in complexes with IGFs.
To test the function of the IGFBP-3 analogs in modulating IGF signaling, we examined the ability of the QQQ, SA, and GGSA analogs to inhibit IGF-stimulated IGFRI autophosphorylation in IGFRI overexpressing 3T3 cells. Despite a major reduction in IGF binding, the QQQ analog was surprisingly effective at inhibiting IGF-I stimulation of IGFRI phosphorylation, particularly when present at 5-fold molar excess to IGF-I, but only weakly inhibited IGF-II-stimulated IGFRI phosphorylation. Mutation of the C-terminal residues, Gly 217 and Gln 223 , in the SA analog had very little effect on its ability to inhibit IGF-II-stimulated IGFRI phosphorylation relative to IGFBP-3 but had a profound effect on inhibiting IGF-I activity. GGSA, whose interaction with IGF-I and IGF-II was essentially undetectable biochemically, inhibited IGF-I-and IGF-IIinduced IGFRI phosphorylation by 40 and 15%, respectively, when present in excess. Our data thus show that specific mutations in IGFBP-3 can have differential effects on IGF-I and IGF-II binding, and these may not translate into functional effects on IGF signaling. Analogs defined as non-IGF-binding appear to have some IGF inhibitory effect when used at higher concentrations, suggesting that these mutants may have residual IGF binding activity below the limit of detection.
It should be noted that the measurement of IGF binding affinities of mutant IGFBPs differs between laboratories. Many factors may contribute to these differences, including assay sensitivity and the experimental conditions of each method. For example, Imai et al. (18) found that the N-terminal IGF-BP-5 or -3 mutants with five substitutions had Ͼ1000-fold reduction in IGF-I solution binding affinity, whereas Shand et al. (22) demonstrated only 60-fold reduction for the comparable rat IGFBP-5 mutant by BIAcore. Sensitivity of solution binding assay can also vary greatly with different protocols. The solution binding activity of the IGFBP-3 mutant, GG, was 5-10-fold decreased in this study, whereas it was unmeasurable in the study of Buckway et al. (19) . The sensitivity of these assays differs remarkably: by our assay method, in which IGF-IGFBP complexes are immunoprecipitated, maximal binding (approximately 70%) was achieved at 2.5 ng of wild-type IGFBP-3 protein, whereas when charcoal is used to separate free from bound IGF tracer, 100 ng of IGFBP-3 is required for maximal binding (19) . Thus assay methodology may significantly impact on the interpretation of binding data.
Within our own study, differences in IGF binding activity are seen between solution binding assays and BIAcore analysis. Although binding kinetics obtained from the BIAcore measurement provide more detailed information than the solutionbased equilibrium binding assay, the reaction constants may not match those obtained from solution-based methods because of a variety of potential artifacts (47) . For example, immobilizing a protein (IGFBP-3 in this case) to a surface could restrict its rotational freedom and diffusion properties, thus altering the reaction thermodynamics and binding kinetics. Biosensors also require that the reactant (IGF-I or -II) in solution be transported to and from the reaction surface in a rapid and uniform manner; otherwise, concentration gradients at the surface could affect the apparent rate constants (48) . On the other hand, because the IGF solution binding curve of each mutant was not necessarily parallel to that of the wild-type protein, the apparent binding activities derived from solution binding assays may also be subject to a degree of error.
In summary, we have demonstrated that in IGFBP-3, Leu 77 , Leu 80 , and Leu 81 in the N terminus and Gly 217 and Gln 223 in the C terminus are critical residues involved in high affinity IGF binding. Although the N terminus of IGFBP-3 contains a major binding site for IGFs, the C terminus also plays an indispensable role in forming high affinity stable complexes with IGFs. Our data strongly support the hypothesis that Nand C-terminal IGFBP-3 residues interact cooperatively in achieving high affinity IGF binding. More importantly, this study has shown that IGFBP-3 analogs defined as non-IGFbinding by biochemical assays can functionally inhibit IGF signaling when present in excess, and as such, the use of these analogs to study the IGF-independent effects of IGFBP-3 must be interpreted with caution.
